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I. IRTROGUCTION AND TibuRY 


it was the aim of this work to investigate the variations 
of the sound velocity with frequency in the ultrasonic range 
(two to five megacycies) in certain organic liquids which show 
abnormal sound absorption properties in that frecuency region. 
in the past it has been possible to use the properties of sound 
velocity and absorption to make theoretical conclusions concerning 
the molecuier and atomic structures of certain gases and liquids, 
it was anticipated that the investigation described in this paper 
would provide further information concerning the liquid structure 
of the compounds under examination, namely, the acetates. 

The most successful correlation between theory and exoeri- 
mental work with ultrasonics has been mede in the field of gases. 
in isotropic and homogeneous media, assuming that the scund vi- 


brations taxe place adiabatically, the velocity of a sound wave 


Vim “Va. 


where V is the velocity, % is the ratio of the specific 


is given bys 








heat at constant presswre to the svecific heat at constant 

volume, f( is the density, and f/f is the compressibility, 

isothermel or adiabatic. In ideal gases, where Pv = constant, 

Pise = - since fi, = ( where P is the pressure and v 
iso SCO 


is the volume. Therefore we have for the velocity: 


; ABE 
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whieh is LaPlace's equation for the velocity of sound in gases. 
With regard to the adsorption of sound in gases, the 
classical theory gives for a plane wave an exponential decrease 
in the intensity with the distance from the source. Thus we have 
-24*x 
T=I[.,e 

whero I is the intensity of the sound at a distance X from the 
point where the intensity is I, , and is the ecefficient 


of abeorption. The coefficient of absorption, according to the 


classical theory, is composed mainly of two parts: one due to 


the viscosity of the medium as described by stokes™ and one due 


to the thermal conductivity of the medium as described by 


Kirchhoff. The resultant expression for the coefficient of 


absorption which varies as the square of the frequency is given 


- 4M VT 4 v-! 
eee 


where ) is the frequency, V is the velocity of sound, Te 


igs 
the mean density, 0 is the ratio of the specific heat at con- 
stant pressure to the specific heat at constant volume, % is 
the coefficient of viscosity, C, is the specific heat at 
constant pressure, and K is the coefficient of thermal 
concuctione 

in experiments with gases at accoustic frequencies, it 
has been found that the LaPlace equation for the sound velocity 


fits quite well and that the observed abserption coefficient, 


while it follows the variation with the square of the frequency, 
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wae usually higher than the value predicted by the classical 
theory. Wowever, when the frequency was moved to the ultra- 
sonic regions, some results unexplainable by the classical 
theory were obtained. Pierce’, in meesuring the velocity of 
sound as a function of the frecuency in carben Gioxice, first 
found that the velocity increased as the frequency was increased. 
Kneser# later showed that the velocity of sound in carbon 
dioxide was constant as the frequency was increased uo to about 
109 eycles/second, but that the velocity then increased slowly, 
reaching a value about 4% higher than initially at about 10° 
cyeles/second. ‘The sound velocity then remained constant at 
this higher value, with further increases in the frequency. A 
dispersion cf the sound velocity in the ultrasonic range has 
since been confirmec fer many polyatemic geses, while monatomic 
gases and hydrogen were found to show no dispersion with an 
increase of frequency. 

In those gases which showed sound velecity dispersion, the 
absorption of sound was aiso found to be abnormal. It was 
usually mach greater than the value predicted by classical theory. 
It was discovered also that the absorption was particularly strong 
in the frequency region in which the velocity dispersion took 
place, the sound ebsorption per cycle reaching @ maximum et a 


frecuency about midway in the velocity rise. This behavior has 


APE 


been sown experimentally by many ooservers, including Nekelepajevw- 


Kieh and Pielmeir®, Grossman!, and Abel1o%, 
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The classical expressions for the sound velocity and the 
sound abserption, as given earlier, cdo not allow for such behavicr 
of these properties. Any depencence of the sound velocity on the 

abserption as calculated from classical theery is too small to 
account for the observed dispersion. Sy using the work of Einstein’, 
4% was possible to explain tho experimental resuits if the cas 
was an equilibrium mixture of the components of a chemical dis- 
sociation (as e.g. 2N02 = + Ngv),). In such a case, at low 
frequencies the specific heat contains the heat of dissoclation, 

and if the specific heat is independent of frequency, there may 
be a time lag in the dissociation reaction. On the basis of a 


suggestion of Jeans!” 


» herzfeld and bios gave the first 
theoretical explanation for velocity dispergicn and anomalous 
absorption for non-dissociating gases, basing the explanation 

on a slowness of energy exchange between the translational and 
internal degrees of freedom of the molecule. Kneser" worked out 
the theory of such 2 process in detail and Rutgers? later mace 
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a further expansicn of this treatment. Bouryin’~ made a statisti- 
cal treatment of the problem based on a three-state gas (one 
translational state and two vibrational states, each state with 
a different relaxation time) and obtained a result which he later 
showed was eyuivalent to Kneser's, 

A brief explanation, following the Kneser theory, of the 
anomalous variation of the sound velocity and absorption follows, 


in a polyatomic gas the molecules have three types cf aeprees of 


freedom ~ translational, rotational, end vibrational. Consider 
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such a gas at a temperature at which only ea small mumber cf the 
molecules are in their first excited state with regard to their 
vibrational energy. Suppose now that a change in the total 
energy occurs, such as in a sudden adiabatic compression. It is 
assumed that the translational part of the energy immediately 
follows @ temperature increase and establishes the new equilibrium 
state without delay. The rotational part. apparently follows the 
increase with only a very short delay. Kowever, for vibrational 
energy there is a definite time lag in adjusting to the new 
equilibrium condition, the lag following an exponential behavior, 
The time constant for this vibrational adjustment is knowm «as 
the relaxation time. Since the rapid compressions and expansions 
of @ sound wave cause such temperature changes, the time lags 
in these energies become important considerations. “hen the 
frequency of the wave is low, each type of degree of freedom 
has sufficient time to complete its energy interchange. This 
means that the specific heat at constant volume of the gas, which 
is composed of contributions from all types cf energy, is at 
its full value, and the sound velocity is at its normal low 
frequency value. As the seund frequency increases and aporoacnes 
the reciprocal of the relaxation time, the vibrational degrees 
of freeccm have not sufficient time to reach the equilibrium 
state corresponding to the temperature changes. This results 


in a decrease in the specific heat for the periodic proeess of 


the sound wave, till finally at frequencies mich higner than the 
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reciprocal of the relaxation time, the specific heat contains 

only the translational and rotational components. Consequently 
since & 4, the specific heat ratio, increases with decreasing 
speciiic heat at constant volume, the sound velocity increases 
slowly as less and less of the vibrational interchange is allowed 
to take place, until it again becomes constant at high frequencies. 
The velocity now corresyonds to a soecific heat due to the rota- 
tional and vibrational degrees of freedom only. 

Such a relaxation time process, as described in the crevious 
paragraph, also explains the anomalous abserption reported 
exverimentally for theses gases. There is a nhase difference 
between the pressure and volume changes in the sound wave because 
the time lag in the establishment of the vibrational energy 
equilibriums also affects the pressure. This phase difference 
recuires that the gas do work during each cycle and part of the 
sound wave energy is absorbed. The absorption per cycle increases 
Linearly with frequency at low frequencies and reaches a maximum 
when the frequency is equal to the reciprocal of the relaxation 
time. At frequencies greater than this the absorption decreases 
ag the reciprocal of the frequency. 

Thue for polyatomic geges which show dispersien, if we 
make a plot of the sound velocity (V) and the absorption coerficient 
per cycle lesa Que to the dispersion process against the 
logarithu of the frequency, a result such as that shown in Figure 1 
may be expected and explained. wlany other associated phenomena 
have been observed in gases and, in general, the Kneser theory, 


as it is commniy called, can well explain them. 
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Figure 1 
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log v 


Behavior of the Sound Velocity (V) and 
one Absorption Coefficient per Cycle (>) 
as the Frequency of Jound Waves ts 
Increased ina Polyatomuc Gas which 


shows Dispe rstion. 





When we look at the situation in liquids, the explanation 
of experimental results by theory is net at all satisfactory. 
Yhile not nearly as many measurements have been made in liquids 
as in gases, anc while the agreement among those which have been 
made is not too good, one result is comson to all the measurements 
dealing with the absorption. This is the fact that the absorption 
coerficient, as found for many polyatomic liquids, is from two to 
several huncred on tne value predicted by the classical theory, 
This was first noted py Biquard! with @ radiation pressure method 
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and was further confirmed by Strenson-, Claeys ¢rrera and Saek”’, 


17 Bazulint , part? , and many otners. The behavior seems 


Lucas 
to be different for non-associated liquids and for agsociated 
liquids such as water and primary alcohels. in both cases the 
absorption 1s greater than expected; but for associated liquids 
the assorption soeificient nas a negative temperature dependence, 
while for non-associatea liquids the temperature dependence is 
positive. in some cases the absorption coefficient veries as 
the square of the frequency as predicted in the classical theory, 
while in others the coefficient seems to vary roughly as the first 
power of the frequency. 

No satisfactory explanation has been civen for this behavior. 
Lueast! showed that fiuctuations in density were not sufficient 
to cause such results but that some sort of sub=-microscopic 
structure in liquids might be responsible. Lxcessive anplitude 
and improper apparatus design have also been blamed, but Bur 


showed that these could not be the cause by obtaining the normal 
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classical result for mercury, a monatomic licuid. Another cause 
for abnormal absorption, which should be in evidence at least 

to some extent, might be a Kneser relaxation precess such as has 
been described above for gases. 

The use of this last theory as an explanation for the 
abnormal ebsorption bringgs up the point that, if true, a dis- 
persion of velocity should result along with the anomalous 
abserotion. To date the ctulk of the experimental work aimed at 
finding any dispersion has located no such phenomenon. liedeman 
anc his ooviiens™ have reported dispersion in several liquids, 
wnile many others, including Parthasarathy<<, Spakovskij<*, and 
Willerd*> did not. Richerde*“ points out that for two reesons 
Gispersion is not to be expected in ordinary liquids until very 
high frequencies. First, the rate of attainment of trans- 
lational equilibrium is considerably vreater in liquids than 
in gases, due to the greater numerical density, thus lcewering 
the lifetime of the internal energy states. Secondly, the 
specific heats of liquids are much higher than those of gases, 
and the absence of the vibrational parts would be difficult to 
detect. 

One group of liquids which sees to sucw consistent 
anomalous behavior is that containing the acetate radical. 

Acetic acid snows both dispersion and anomalous absorp tionl8s 22, 25 
and the explanation seems to involve cither the heat of dissocia-~ 
tion or the Gimer formation. Uther wrk on the acetates by 


Basulint, Biquardlh, Parthasarathy27, Beyer and Smith28, and 
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Bar indicates that the absorption coefficient varies approximately 
as the first power of frequency rather than the second with an 
increase of frequency. 

Claeys Errera and Seck?® obtainea some very interesting 
absorption results with methyl and ethyl acetate, using a radia- 
tion pressure method by which they coniirmed Biquard's values 
for several liquids. In the case of the acetates, not only 
were their values for the absorption coefficient much higher 
than the classical result, but between three and four megacycles 
they found an anomalous absorption region. For methyl acetate, 
the ratio of the absorption coefficient to the square of the 
frequency y a » Which by classical theory is a constant, was 
found to be about 1100 x i07/7(seconds)*/centimeter compared to 
Li, x 10711( seeonds)*/centimeter by classical theory when the 
frequency of the oscillations was below three megacycles. At 
about three megacyclhes this quantity took a sharp drop in value 
until it reached about 300 x 10°" " pesents)"/ceutiaster at four 
megacycles, and thereafter the value decreased slowly. Ethyl 
acetate behaved similarly but with a smaller relative drop, 
goine from a value of about 300 x 10717 (seconds) */centineter at 
three megacycles to about 175 x 107!" ( seconds)*/centimeter at 
four megacycles. Such behavior is in some ways similar to the 
anomalous absorption in polyatomic gases which has been success— 
fully explained by the Kneser theory. One discrepancy is, 
however, that the change in oe is much steeper for tnese 


liguidcs than would be expected from the application of the 
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relaxation theory. The authors, after discussing other possible 
causes, felt that some sort of relaxation timo theory was the 
best hypothesis from which to start. If such a theory does agoly 

in this case, then it might be expected that a dispersion of 
velocity might also be found in this region. 

A search of the literature on this subject has failed to 
disclose any further worx along this line with these liquids at 
this particular frequency, although sowe results indicate no 
dispersion at other frequencies. Thus, with this example cf 
possible anomalous absorption present, an investigation was 
undertaken to ascertain whether a disversion of the sound velocity 
could be obtained as the frequency is increased from two to Live 
MeE_acyolesGe 

ihe amount of any velocity dispersion ig almost impossible 
to estinate, there being several unxnuown fectors. Pinkerton”, 
in discussing the anomalous absorption of acetic acic, proposes 
a method for aoproximating from estimated absorption values the 
amount oi expected dispersion. Using the Kneger equation for the 
absorption coefficient due to a relaxation time process, he states 


that the relative dispersicn is given approximately as: 





a x V = & V vn = A v= 
V TY Yr Tr Van 27 


where V is the velocity, WY. is the critical frequency of the 

anomalous abserption procees, A is the absorption coefficient 
2a 

at Vand A= yee From graphs cf the data available fer acetic 


acid he obtained A = 12000 x 10747 ( seconds )*/centineter, 
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critical YW = 2x 10° cycles/second, and y = 10° centimeters/ 


second. Using these values anc the equation above, he obtains a 
relative inerease in the velocity of about 0.)%. Spakovakij°* 
reported 2 velocity dispersion of 1.0% in acetic acid, indicating 
that this estimate may be too small. Absorption values determined 
by Claeys, Frrera, and saek?© for methyl acetate were A = 1100 x 1071? 
(eoceuta) /eartisadias and =. = 3.5 x 10° cycles/second and the 
velocity is about 1.2 x 10° centimeters/second. Using a calculation 
Similar to Pinkerton's, we obtain a relative dispersion of about 
0.05%. It was therefore desirable to obtain from the present 
experimental investigation results with a maximum error of less 
than O.ls. An error greater than this would not permit definite 


ecnclusicns about a disoersicn of velocity as estimated above. 
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il. ASUROMINT AND APPARATUS 





in measuring the velocity of ultrasonic waves, tro basic 
methods have been developed, one using the interferometer prin-~ 
ciple first cevelopeda by Pierce’? » and the other an eptical method 
first cut forward by Debye and Sears? and Lucas and Biquare--, 
Necently, a third method involving pulse techniques has proved 
useful. The interferometer principle has been the most popular 
and depends on reflecting sound waves from a reflector back to 
the wave generator ana setting up standing waves. The wave 
length may then be determined from changes in the oscillator 
circuit current as the distance between the reflectcr and the 
generator is changed. Then, knuwing the wave length and the 
frequency, the sound velocity may be computed. The sounc wave 
generator is usually 4& quartz crystal driven by a vacuum tube 
osciliator. A variation o. this interferometer principle is 
used in this experiment. 

Before considering the appvaratus in detail, it would be 
appropriate to consider the principles involved and the results 


that can be expected. The wave length of a sound wave is given 


by V 
A= @ 


where A is the wave length, Vis the velocity, and »Y is 
the frequency. Now if a plane wave is propagated from one plane 
surface toward another plane surface parallel to the first, 


standing waves are produced when the distance between the 
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surfaces is an integral number cf half waves. Por a standing 


wave the following relation is then true: 


ee 
> Tr 


a 


where GO is the distance between the surfaces and fh is the 
number of half waves between the surfaces. If we conbine the 
preceding expressions, by solving each for the wave Length and 
equating, we cbtain 


V_ ad Le “iy 


a_i il 


yy» h 2d 


If the velocity of sound in the medium between the planes is a 
constant and the distance between the planes is also kept 
constant, then the only quantity which will change, as the number 
of hulf waves between the planes is varied, will be the frequency. 
if for hh, half waves, the frequency i¢ YW, and for , half 
weves, the frequency is Vv, , then 

V 


Y-Y, =-—_ Pe hal 
2d Cr ) 


V 


or AY = — An 
2d 


where AV=Y,-Y), , and AY is the frequency increment 
necessary to change the integral number of half waves in the 
standing wave pattern by the increment ON = 2.7. 

The apparatus used in these experiments was designed to 
utilize this principle. Two quartz crystals were placed a fixed 


distance apart in the licuid, and one wes set into oscillation 


producing ultrasonic waves. ‘The oscillations were transmitted 
through the liquid and received on the other crystal, setting 

it into oscillation. These received oscillations were transformed 
% electric signals, aaplified, and the cutput current was 
acasured. It was then possible to lecate the conditions of 
standing waves between the crystals by changing the frequency 

of oscillation until the output current was at a mucmum At 

any frequency where a standing wave pattern was not established 
the output current was appreciably below this maximum. 

The frequency range under investigatien was from two to 
five megacycles and the principles descrited above required that 
the frequency of oscillations ef the crystal be veriable by 
small amounts but with the smallest possible change in the 
aaplitude. To accomplist this, it vas necessary to drive the 
erystal at frequencies well away from the resonant frequency <= 
that is, the resonant frequency of the crystal was required to 
oe Well above five megacycles. In these exoeriments tvo seven 
mepacycle crystals were used and the transmitter crystal was 
driven by a variable high frequency oscillator. This method of 
Griving the crystal far from resonance gave emall anplitudes of 
esciliation and a low efficieney of the receiver crystel, homever, 
and thus required high amplification. 

How, if the crystal oscillates at a frequeney wich gives 
& peak in the output current from the receiver crystal, we 
have standing waves betreen the crystals. If the frequency of 


the oscillations is changed, the output current changes through 
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a series of minima anc maxima, each successive maximum representing 
a change in the standing wave pattern by & half weve. 

Using this method it is possible te check for the dispersion 
of velocity by making several meagurements cver the whole frequency 
range. As shorn earlier, a chosen change in the number of half 
waves between tne orystals is chauracterized by an increment of 
frequency previded that the sound velocity and the distance 
between the erystals remain constant. If there is no dispergion 
of velocity, taen the smail increment in frequency necessary to 
change the standing wave pattern by the given number of half weves 
will remain constant regerdless of the initial frequency from 
which the increment is measured. if there is dispersion, then 
the frequency increment will change as the initial frequency 
aporeaches the region of dispersion. If the mechanism of dispersion 
is due to a relaxation time shenomenon, an increase in the sound 
velocity may be expected. 

Let us now proceed to the cetails of the apparatus. A 
bloek diagram of the arrangement of the various units of the 
apperatus appears in Figure <. The units shown are a liquid 
tenk with the crystals inside, an cscillator connected te one 
crystal to give the desired frequency of oscillatiens, an 
amlifier connected to the aecond crystal, a seuare-lar vacuum 
tube voltmeter to provide further amplification, a microammeter 
to measure the outvut current, and a device (which will be dis- 
cussed later) to measure the frequency increment. 


The liquid tank was rectangular in shane and was constructed 
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of brass plate. The inside dimensions were as follows: depth, 
7 centineters; width,  centimetere; and length, 20 centimeters. 
The usual liguid sample was about 300 cubic centixeters. 

The quartz erystals were mounted in brass holders, which 
were sus ended in the liquid from brags plates mounted on top 
of the tank. Tne crystals used were x-cut quartz and were 
circular in shave with a diameter of 0.75 inches. The resonant 
frequency of the crystals was 7.0 megacycies with an accuracy of 
five per cent. Both faces of the erystals were silver-plated to 
insure good electrical contacts. A detailed cross-section sketch 
of & crystal holder is shown in Figure 3. ‘The lower part of the 
holder was made from a brass block (A) by drilling @ 0.625 inch 
hole all the way through the Slock and then drilling out a 
0,525 ineh hole from the rear, leaving a small shoulder, 0.012 
inches thick, at the face of the bleck. A brass back plate (3) 
closed the rear of the bleck, being fastened to the block by 
four brase serews. The crystal (°C) was then inserted from the 
reer and fitted against the shoulcer of the block. This contact 
with the crystal served as the electrical ground connection. 

The electrical potential was applied to the rear face of the 
erystel by means of a brass disc (} which was turned down to a 
small cylinder on the rear side. The electrical connection was 
then made to this cylinder. The dise was polished on the side 
toward the erysteal and the back side was bevelled, leaving an 
air space behind the crystal. This air space was necessary to 


reduce back reflections which cave double and side peaks of 
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output current instead of the single peek at the standing wave 
pattern. Bakelite insulators (4) were inserted to prevent 
grounding and to keep the crystal centered in the bleck. In 
order to hold the crystal snug against the shoulder of the 
holder two turns of a light coil spring (F) were inserted between 
the rear insulator and the holder back plate. Some difficulty 
was encountered in making the holders leak-proof because none 
of the usual cements or greases could be used due to the solvent 
properties of the acetates, aid also because strong pressure 
eould not be exerted by the spring in the holder due to the 
danger of cistorting the crystal oscillations. This treuble 
wes eliminated by inserting several soft lead foil washers 
between the crystal and the shoulder of the holder and by not 
keeping the holders in the liquid any longer than was necessary. 
A brass tube (3) was silver-soldered into a hole in the 
top of the holder bleck and the electrical connection (d) was 
introduced through it. This tube wee then inserted throvgh a 
hole in @ brass plate (I) which fastened on the tep of the liguid 
tank. At the top of the tube a brass shoulder (H) was mounted 
to the tube and leveling serews (K) were threaded in the shoulder 
which bere on the brass plate (I). One of the most critical 
adjustments in the use of this apparatus was in maintaining the 
erystal faces parallel and directly opzosite to each other, By 
an adjustment of these leveling screws and with a set of 
horizental serews providing horizontal motion, the crystal fece 


could be moved in any direction until paralleliem was achieved. 
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The condition when the faces were not parallel was observable 
by the fact that the output current was greatly reduced and the 
minima and maxduwa of the output current as the frequency was 
changed became very distorted. 

The distance between the crystals was waintained at ten 
centimeters for all the experimental work, a check being made 
for correct spacing before and after each set of readings. This 
distance seemed to be quite satisfactory. 

The oscillator was of the standard Hertley type, employing 
a type 807 transmitter tube. Frequencies between tro and five 
megacycles were cbtained by the use of two coils which were 
changeable and a variable condenser. The complete wiring dia- 
gram of the oscillator is attached as Figure }, 

To provide for amplification of the signals from the 
receiving crystal, & standard type wide band video preamplifier 
and amplifier was employed. The one used in this work utilized 
6407 auplifier tubes, providing six steges of amplification. 
Further amplification was obtained ty using a square-law vacuum 
vube voltmeter. The wiring diagram of the one used in this 
case is shown in figure 5. The great advantage of this instrument 
was to increase the sharpness of the peaks of the outout current 
at the frequencies corresponding to standing waves between the 
crystals. This made possible a much more accurate setting 
of the oscillator at these frequencies. The outout current of 
the voltmeter wae measured on the 100 microampere scale of a 


Siumpescn Model 260 meter, 


AL Ear aee BT aL) BNO AW ANB A AY aes lh 
wkd Be Anes (Chee Gan fen Dreiion an Ame Peey grit et 

oo years of «tere ee 2 ee ee 
Ne TR eet Poe 
sat ds eaiviaiad hey init Hien pani al 











mn eel momen ere Letimatmnce wht Lin md pieteabmes 
ee et ee ee 


Sorel whee ed of tem pomeimee 
sities atail AD EN ES RA PU ay 


ee ee leg et ee dt becleice wa eoloneee 
eh re 
ok CT 8h mies 64 elie ed tee 





oe ort 4 Like ON a cobieo ile rc) abtyom OF 
Wiktipars) wally Aan eur oxy WES 6 Lael govleoey 
Det OM RA! OL Se TG eT fe Oe a 
SERMNOL LE qe Ln mruty thy gettitvore gewaee gmltLage Tae 
SreTey Qabercarre § peter Ul eetlatWe ame redtenticime Sas tal] 
pir oe Kw pe Gt ie eeomele gpacee aft epee Der any 
eG het Ge eeeeThG Peeyg aft .| foe! Ge ome ad Ome 







Fomrend penrun ea) Le Sian, mid Dy eee get) PEaeTsnes As Ga 


PP Frappe. Gyre yniirere at chao CTY GakeNpLER OC FP 
ee eee ome coe alenly kee OAT OLR 
Wy Ors Lowe 6 AAO pment fa Celine ang Tp 
# ke Ahem ateponele (0. ttt heme eer motearier edt 
_ ade 2 gbe reqs 





eo 





Leosue 
oad 


x x 


EO'O 


Y OS 


40}P))IIS(/ houanbaay y bop 31qPI4DA 


ey aunho 4 
AH- = 

Vv, 

COOO 4 S2 

x x 
ein. | 200 O 
L088 SO00'0 
VU OS 

224d NG 


A 000+ ‘A‘'H + O 


NOOO C0000 





YALAWNLION JANI WANDA MYT-sYKIDC 
ay nO! 


Jy ND 
9 4 
Ree spake GX9 3 LL HILIMG 
+ r zi 
ra! | x > Ay ie bon 


VOOO OC? 





OSTYA 2 
[Oo'O 5O00'O 
= es 
ENS 2 EY O'S 
‘” + 
. bseet ee tg . 
voor F WOT 7 = 
ce x x WO't SOO'O 
MT 
VOOS §S000'O [Sy Gm e 
Vv OOOY a ae \ 
ee) ee ee lL le ee ee 
eo gmery  t—<“i‘OOs | LOINT 
oe te” aa 
tbS6 





19 


The velocity of sound is a function of the temperature of the 
medium in which it is measured. For example, the sound velocity 
in water changes from 1411 meters/second at 13°C. to 1505 meters/ 
second at 31°C. This represents an inerease of about 5 neters/ 
second/degree C. And since the desired accuracy of the results 
was 0.1% or better, 14t wae necessary to maintain the temperature 
of the liquid constant to within 0.1°C. for all measurements. To 
accomplish this, the liquid tank was immersed in a water bath 
which was keot at 25° = 0.05°c. The arrangement of the temperature 
control system is shown in Figure 6. ‘The thermostat was of the 
liquid expansion type and employed a glass bulb filled with 
toluene. Hercury was placed above the toluene and provided 
electrical contact between two electrodes. These electrodes 
were connected to a relay which controlled the heater. By the 
expansion or the contraction of the tolvene due to a temperature 
change in the water, contact between the electrodes was established 
or broken. The water was kept in constant motion by meana of 
a stirrer. As a further precaution against temperature differentials 
in the liquid sample caused by wave propagation or local density 
variations, a stirrer was mounted in the cell in order to keep 
the liquid in cireslation. This method of temperature control 
was eufficient to keep the temperature of the liquid well within 
prescribed linita. 

The biggest problem in this method of measurement proved 


to be a sufficiently accurate meaagurement of the frequency increment 
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resulting from changing the number of half waves between the 
crystals by the Cesired number. Two methods were used (hereafter 
designated A and B) and the apparatus used in each method is 

es follows: 

(A) A U.S, Army Signal Corps 8¢ 221-~P Frequency Meter 
manufactured by the “enith Radio Sorporation was used te measure 
the oscillator frequency at which the crystal was being driven, 

The frequency increment was then obtained as the difference of 
two measured frequencies. 

(8) In the second method the frequency increment was not 
found from the difference of tro measured frequencies but was 
measured directly. The frequency meter was used 4s a standard 
oscilleter and the outputs of tne crystal oscillator and the 
frequency meter were used as inputs in ea mixexr-cdetector circuit, 
employing a 65A7 Tube. The beat frequency of the mixer represented 
the difference dcetween the frequencies of the two ogeillators. This 
beat frequency was measured by a General Radio Type 22) Precision 
Wave Meter. A wiring diegraa of this mixer arrangement appeara in 
Figure 7. The detailed exverimental procedure in each of these 
methods wage the following: 

METHOD A - In order to insure stable operation the oscillator, 

amplifier, and aeters were switched on at least tro hours 

before use. After the holders were mounted in the cell and 
the distance between the crystals was checked, the liquid was 
placed in the cell and brought to a constant temperature in 


the water bath. The oscillator ras then set at a frequency 
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at which a standing wave formed between the crystals as 
indicated by a maximum current at the output meter. After 
measuring this frequency with the frequency meter, the oscilla~ 
tor frequency was changed until the number of waves between 
the crystals had been changed by a set inerenment (as indicated 
by the number of peaks of the output current). This increment 
was chosen as eighteen for these measurements, being small 
enough to be less than 5% of the oscillator frequency and 
large enough to keep any error in the setting of the oscilla- 
tor on the peak of the output current sufficiently small. 
Upon setting on the poak output current again, the frequency 
was measured with the frequency meter. The frequency 
increment was then obtained as the difference of the two 
measured frequencies. The ensuing procedure was to return to 
the standing wave condition adjacent to that of the initial 
measurement taken previously and to take another set of 
readings. This gave, as @ check, two increments at approxi- 
metely the same frequency but on different standing wave 
conditions. Sets of readings were taken every 0.1 to 0.2 
megacycles over the range from two to five megaecycles. This 
method was discarded because of insufficient accuracy, as 


will be discussed later. 


METHOD B - The apparatus was connected as described above 
under (3), and the following procedure was adopted. ?re- 


liminary cperations were the same as under Method A, but 
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the frequency increment was cotermined differently. Ag 
before, the oscillator was set on & frequency of peak output 
current. ‘fhe frequency meter was then set at this same 
frequency, by obtaining zero frequency beat as observed by 
the mixer detector. After changing the oscillator frequency 
by the amount which gave the proper increment in the number 
of half waves between the two crystals, the oscillator was 
again set on the peak of the output current. Then the 
difference of the oscillator frequency and the unchanged 
frequency meter frequency was measured as the deat frequency 
by the precision wave meter. in this method the increment 
of half waves was taken as twenty for the acetates and sixteen 
for the water, since this gave an increment of frequency 
which was most accurately determined by the wave meter, as 
will be explained in a discussion of the results. 
Measurements were cerried out om three liquids: (1) distilled 
water, which shows no dispersion and which was uged to check for 
proper eceuracy; (2) methyl acetate, C.P. Grade, manufactured by 
Fimer and Amend; and (3) ethyl acetate, C.?. Grade, manufactured by 
General Chemical Co. These liquids vere not redistilled but were 
used as received from the manufacturer. ijowever, because of con- 
tamination and decomposition cangers, each sample was not used for 


more than tro sets of measurements. 
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Til. EXPERIMENTAL RESJULIS 


At firat, measurements were made by Method A described in 
the previous section. This was the method of findinse the frequency 
increment in terms cf the difference of the two frequencies 
measured on the frequency meter. No check was mads on tne cali~ 
bration of the frecuency meter and the calibration supplied with 
the instrument was used. The standing wave increment of eighteen 
was chosen as being satisfactory. Tnis gave a frecuency increment 
of about one hundred kilocycles which was small encugh to be less 
than five per cent of the total frequency and large enough to make 
the errors in olecing the oscillator et the peak cutout current 
relatively small, 

A great many messurements rere teken by this method in order 
to ebtain proper alignsent and funeticoning of the apparatus. 
Distilled water was used for the first measurements since all work 
performed to date indicates that water shows no dispersion. ‘Thus, 
the accuracy of the methed could be checked over the entire frequency 
range by obtaining a constant frequency increment within the 
desired aceuracy. The desired accuracy, as mentioned earlier, was 
O.1% or better. Some results of these measurements on water are 
shown in Table I under Columns 1, 2, and 3. Hach colum represents 
a series of measurements taken without disturding the adjustments 
or the condition of the epparatus. Adjustments vere made between 
runs in an attempt to improve the accurscy. These included 


adjusting the crystals to maximum parellelisn, uging baffles and 
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absorbers to check for any wall effects, changing the oscillating 
output awplitude, and changing the output amplification. I+ can 
be seen in Table 1 that the measured frequency increments are far 
from constant within the desired accurecy, and that the adjustments 
mentioned above caused no apparent improvement. The measurenents 
taken at any one frequency agree quite well but the dispersion 
between the resulte et different frequencies is considerable. 
Colums ); and 5 represent some measurements on methyl acetate by 
this same method and show about the same amount of random dispersion. 
After checking all other possible causes, the trouble was attributed 
to the frequency meter. The calibration was net eaeccurate enough 
over the entire frequency range to allow the small increment to 
be determined by the difference of the two lerre measured frequencies. 
Another difficulty, the apvarent inaccuracy of the frequency neter 
condensers, was indicated ty the inability to reproduce @ civen 
measurement. 

With this difficulty in mind, the method described as B in 
the previous section was devised. This was not deosendent on an 
eecurate measurexent of frequency by the frecuency meter. The 
only requirements on the frequency meter rere (1) that it could 
be used as a standard oscillator, (2) that it could be set accurately 
at the same frequency as the crystal oscillator, and (3) that it 
would remain at this frequency for the curation of each measurement. 
The wave meter was then used to measure the frecuency increment 


asa the beat frequency of the mixer after the oscillator was changed 
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TABLE £ 


Typical Data Taken By Nethoed A Using an = 18 


Frequency Frequency Increment (kilocyeles) 
(megacycles) 
fater ethyl Acetate 
1 2 3 ky 5 
220 135.09 134.95 35.36 105.19 105.20 
2.35 105.66 105.45 
2.50 135641 135.55 135.30 105.37 1US.hh: 
2675 136.12 136, 39 136.21 105.64 105.72 
3.00 135.23 135.00 135.32 105.h1 105.63 
3.20 135.32 135-Li 135.37 105.33 105.31 
3.35 105.32 
3.50 135.59 135.6 13695 105.6 105,38 
3.75 135-29 135.22 135.18 105,80 105.08 
4.05 10h. 39 10}. 50 
4.30 135.13 155.09 135.09 105.27 105.09 
4. 5G 135.67 135.50 135.63 105.34 105.05 
4.65 135.67 135.5h 105. 2h 105.95 
5-00 135.47 1.35432 105,00 105.37 
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threugh the half wave increment. The improved results of this 

method are shown in Tabdlo II for water between 2.0 and h.8 megacycles. 
Here the increment of half waves was chosen as trenty since this 

gave a frequency increment messurable to maximum accuracy on the 

wave meter. With this increment, the conversion of the wave meter 


uency was almost linear and the number cf kilo- 





scale reading to 
cycles per wave meter scale divisicn was a minimm. It may also be 

noted that this method is independent of an exact calibration of 

the wave meter anc depends only on its stability and the ease of 

observing smail increments of frequency. Since the freevuency 

increment is always approximately the same, cnly small deviations 

from the same wave meter settins are recorded; the absolute value 

of the increment does not need to be known very precisely. The 

results shoym for weter were much more satisfactory than those 

previously cbteined, the average frequency increnent being 120.00 

kilocycles with an average error of only 0.07 kilocveles. The total 

dispersion between the largest and the smallest result was only 

6.27 kilocycles. 

Thus, with the desired aceuracy cbtaincd, measurements were 
taxen on the acetates. The results of the methyl acetate measure~ 
ments are shown in Table J1I and these for ethyl ecetate in Teble IV. 
in these measurements, the half wave increment was chosen as 
sixteen in order that the same region of maximum acewrscy of the 
wave meter could be utilised which was described in the previous 
paragraph. ‘ach result in the tables represents the averarpe value 


of several measurenents (seven or more) of the frequency increment. 
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TeRLe It 
Measurements on Water Using Methed B with an = 16 
Gonfirming No Dispersion and Indicating an Apparatus 


Error of Less Than 0.1 %. 


Average Value = 120,00 © .07 Kitocycles 


rrequency Frequency increment beviation 
(megacycles) (kilocyeles) 

2.0 119.95 - 0.05 
2e2 126.00 - 0.00 
235 119.95 ~ 0.05 
20k 119. 8% ~ 0.12 
2055 119.90 ~ 0.10 
eo fO0 115.923 - 0.07 
2.75 119.95 ~ 0.05 
2095 119.98 - 0.02 
3210 120.02 + 0.02 
5.15 120.00 0.00 
3.25 120.10 + 0.10 
3.10 119.9) ~ 0.06 
360 120.15 t 015 
3.70 139.90 ~ 0.10 
3290 120.06 + 0,06 
4.0 120.03 + 0.03 
eld 120.10 + 0.10 
he 2S 120.09 + 0.09 
bre 120.07 @ 0.97 
sé 120.00 6.00 
Led 120.07 r 0.07 
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TABLE YIT 


Sumacry of hesults for Bethyl Acetate 


3.035 


Metrod B an = 26 fT = 26° ¢c. 

Frequency *requency increment frequency srequency Lncresent 
(megacycles) (kiloeycles) (megacycles) (Kilosveles) 
2,003 116.13 = ,0) 2.015 116.15 = .07 
20095 116.16 = .08 2.07 126.13 = .07 
2. 200 116.1h = 0) 2.211 146.14 = 08 
@.303 116.14 = .05 26318 116.16 = .66 
26h? 116,22 = .66 2h19 116.16 = .06 
2.598 116.18 © .05 2.609 116.13 = .02 
2,702 116.10 = .03 2.713 116,09 = .Oh 
2.819 116.13 + .09 2. 82h 116.09 = Oh 
2.909 116.09 £ .oh 2.921 116.08 2 .05 
3.001 116.12 = .05 3,006 116.10 = .ok 
3.153 116.14  .Gé 3.163 126.07 = .05 

3.200 116.05 = .63 

3.2h5 116.07 = .0é 3.29 116.16 = .05 
3.303 116.12 = .05 3.305 116,10 2 .oh 
3.338 116.21 = .09 3.38), Li6.1h = .06 
3.108 116,10 = .05 3eis13 116.10 £ ,05 
3.4h9 126.6h = 0% 3.45h 116,10 * .o3 
3.500 116.07 = .08 
3.599 116.07 = .05 3, 60k 116.12 * .10 
3.700 126.16 = .22 3.795 116.1h = .06 
3.850 116.13 & .63 116,12 = .o9 
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TABLE LT1It - 


Sontinved) 
4.002 116.11 = .08 i. 098 116.03 = .03 
hook 116.06 = .09 4.100 116.11 2 .a9 
he 298 116.21 = ,03 ue 302 116.15 = .09 
lye 400 116.15 = .09 bee 1006 116,18 = 06 
le 602 116.15 = .08 608 116.1h = .06 
4.850 116.10 = .06 


Averarce increment = 116.12 kilocycles 


Averace error = = 0,06 kilocycles 











TABLE IV 


Gumary of Results for Ethyl Acetate 


Method B an= 20 7 = 25%, 
Frequency Frequency Increment Freauency Freguency Increment 
(megacycles) (kilocycles) (mepecycles) (kilocyeles) 
2,003 114.67 = .08 2.009 114.68 = .06 
2,095 114.64 * .0% 2.101 11h.65 = .05 
20197 114.67 = .06 2. 208 1h. 72 = .07 
2.300 114.69 = .06 2.312 11).68 = .93 
20 hG2 114.83 = ,08 Zoli Lis 12.62 = .06 
2.49h 1lh.71 2 .06 2.506 114.69 4 .06 
2.596 114.61 = .306 2.608 114.76 = .06 
2.702 114.69 = .06 20712 114.68 = .06 
2.818 114.75 = .ok 2.827 11h. 69 = Gk 
2,906 114.68 = .05 2.911 12).80 = .03 
20997 114.67 = .02 3.009 11h.71 2 .a5 
3.157 1lh.77 2 Uk 3.169 114.73 = 205 
3.226 114.71 * .62 3.231 14.77 = 205 
32316 114.79 = .03 3.322 Ube 7l = 02 
3.102 Whe 75 = 05 3.408 114.73 = .03 
30499 114.65 = .03 3. 504 11h.65 = .06 
30592 11).68 > .0% 3.597 11.6 = .02 
3.699 114.71 * .02 3.709 114.69 = .06 
3.853 114.69 = .05 3.850 114.61 = .0h 
4.Cbh 1ih.82 * .02 1. 100 114.73 F 05 
b. 263 114.77 = .03 h. 29h 11b.76 2 .03 
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TABLE IV 


( Continued) 
he 06 L1b.75 = .05 heh22 114.75 * .03 
be 59h; 11.70 = .03 1.600 114.72 = .05 
le 716 114.64 = .08 e722 11.64 = Oh; 


Average increment = 11.71 Kilocycles 


Average error = =0,05 Kuocycles 
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The frecuencies, it is noted, occur in vcairs very close terether 
in most cases and they represent increments taken from frequencies 
ms w two standing wave peaks apart. The error reoresents the 
average error of each increment, and was determined es follows: 
the deviations of all measurements at one frequency from the 
average value of these measurements were squared and the squared 
deviations were summed. This sum was divided by the number of 
measurements and the square root was taken. This was the everage 
error. The measurements at any one frequency from which the values 
in the tables were computed were not taken at one time but they 
revresent at least tro different runs in all cases. 

To give a better assessment of these results, the figures 
showrm in Tables ITI and IV are shown plotted on Ficure 8. “here 
two results were obdtainec at closely adjoining frequencies, doth 
results were plotted at a frequency about midway between the two 
experimental freauencies. Thus, at any ene plotted frequency, 
four increment values are plotted - the maximum and minimum 
average increment values found at the frequency just below the 
plotted one and the maximum and minioum values at the frequency 
just above the plotted one. Small horizontal marks are used to 
indicate these values and to indicate to which set each value 


belongs. 
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IV. CONCLUSIONS 


In their work on the absorotion of ultrasonics in liguids, 
Claeys, Srrera, and Sack revorted anomalous absorption by methyl 
and ethyl acetate in the frequency rezion between three end four 
megacycles. The variation of the absorption coefficient was quite 
similar to that obtained in polyatomic gases. The experimental 
results for the gases were explained by the Kneser theory using 
2 relaxation time for the intramolecular energy exchanges. Such 
an explanation, if applicable to liquids, should also lead to a 
dispersion of Yelocity in the anomalous absorption frequency region. 
The results of the experimental work reported in Tables III and IV 
and on Figure 8 of the previous section indicate that there is no 
dispersion of the sound velocity in this frequency region, at 
least not within the accuracy of the apparatus. The velocity 
Gispersion predicted by the Kneser theory is such that the velocity 
increases slowly in the anomaious absorption region. ‘his would 
have yieldec an increasing frequency increment over the frequency 
range under investigation. fo such result as this was obtained 
experimentaily. 

This failure to obtain any velocity dispersion may be inter- 
preted in either of two ways, assuming that these acetates do show 
the reported anomalous absorption behavior at the frequencies under 
investigation. First, the cispersion may still be present but 
may be too small to be detected by the experimental method which 


was used. This ig possible since, as was pointed out earlier, any 
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velocity dispersion wild be small because in the case of lijuids 
the specific heat due to the vibrations of the moiecules is a 
much smaller part of tne total svecific heat than in gases. it 
was further estimated in the introduction that any dispersion due to 
@ relazation tise process would be of the order of 0.05% which 
was about the limit of accuracy of the measurements. A second 
possible interpretation of the results ig that thse anomal ous 
absorption is due to some phenomencn which does not cause a 
velocity dispersion at the same time. Such processes are among 
the wany theorles which have been proposed to account for the 
abnormal absorption of liquids but as yet nene of these have been 
completely ecceptavie. 

However, fron the experimental results of this work, no 
conclusions .zay be crawn as to the explanation of the abnormal 
absorption of these liquids. it ig only possible to say ihat it 
appears that there is ne dispersion of velocity in the frequency 
range from two to five megecycles, or taat any dispersion which 
does exist is less than 0.06x. 

While the experiment was not designed to measure the absolute 
sound velocity, it is possible to calculate the velocity, if it 
does not change with the frequency, by rearranging the equation 
derivec. in Section IT as fcllows: 


AY 
= = i2d 
Y= @* 


where OY is the frequency increment in cycles/second, d is 


the cistance between the crystals in meters, At is the half 
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wave increment, and V is the velocity of sound in meters/second. 
In all the results given, od was 0.10 meters. In Table II the 
results for water vere: 4VY = 120.00 kilocycles and An = 16, 
in Table III the resulta for methyl ecetate were: averace AY = 116.12 
kilocyeles and AM = 23, In Table IV the remlts for ethyl acetate 
were: average 4Y = 114.71 kiloeyeles and 47 = 20. Usin: these 
values the following values for the velocity ef sound at 25°C were 
obtained: water, 1500 wetere/second; methyl acetate, 1161.2 meters/ 
second; and etlyl acetate, 117.1 meters/second. 

To summerice the principle conclusions, no dispersion of 
sound velocity in methyl acetate or ethyl acetate was found as the 
frequency of the sound waves is varied from two to five megacycles 
within the experimental error of about 4.065%. The failure to 
Locate any dispersion in this frequency region where anomalous 
abs: rption has been reported for these liquids may be due to the 
fact that tae dispersion is smaller tnan the accuracy of the measure~ 


ments or that the anomalous absorption is caused by a process not 





producing velocity Gispersion. With only this information it is 
not possible to draw any conclusions concerning the existence of 


any relaxation time phenomenon in this frequency region. 
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